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Abstract: The mechanism of iron corrosion protection by thin siloxane films was clarified. Quartz
crystal microbalance technique (QCM) was applied to control the vapour phase deposition of
alkoxysilanes and the formation of thin siloxane films. It was shown that the addition of water
vapour increased the thickness of the grafted siloxane films. Crystal-like films spontaneously grow to
10–16 monolayers at 100% RH of Ar flow due to the catalytic effect of the surface. X-ray photoelectron
(XPS) and Auger spectroscopies analysed the thin siloxane films and Scanning Kelvin Probe (SKP)
showed the formation of iron-siloxane bonds passivating the iron surface. The films showed high
hydrophobicity and corrosion inhibition in humid air contaminated by sulphur dioxide. Thick films
were less ordered, hydrophilic and accelerated the corrosion of iron. For corrosion protection, the
presence of oxygen in the atmosphere is extremely important. In a wet Ar atmosphere, contaminated
by sulphur dioxide, the surfaces are not stable and quickly corroded. Oxygen adsorption stabilizes
the surface oxide film that correspondingly preserves the anchoring iron-siloxane bonds and enables
corrosion protection by the coating.

Keywords: self-ordering siloxane films; hydrophobicity; corrosion protection; adsorption bonds;
Scanning Kelvin Probe

1. Introduction

Corrosion protection of metallic construction by polymeric coatings is widely applied.
It was supposed that polymeric coatings protect the substrate by acting as a barrier toward
water, oxygen and ions. However, oxygen and water quickly saturate the coating and
these species could not be rate-determining factors of corrosion protection by advanced
coatings [1,2]. Kinsella and Mayne and Mayne and Scantlebury found that ionic resistance is
a key factor in polymer coating stability, known as “resistance inhibition.” The relationship
between the ionic resistance of a coating and its protective ability has been pointed out
elsewhere [3,4] The ions in polymers diffuse relatively slowly and ionic resistance has been
highlighted as an important (even critical) property of a coating in modern works [5,6].
However, additionally, the wet adhesion of the polymer to the substrate and the stability of
chemical bonds at the interface can be important factors determining the overall coating
lifetime [7,8]. Most polymer-metal bonds, which do not have mechanical interlocking, will
ultimately fail when subjected to prolonged moisture exposure and stress [7]. The reason is
that the contact of the oxidized metal surface of high surface energy and polymeric coating
of low surface energy is thermodynamically unstable. At the interface, water molecules
replace the polymeric coating leading to delamination. Thus, the strength of the contact of
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the epoxy polymer and Al/Al2O3 is very weak and can be determined by water diffusion
to the interface [8]. To increase the wet adhesion, the metal surface has been pre-treated,
performing the interlayer of mixed organic-inorganic nature [9–12]. Hence, it is believed
that the formation of the ‘interphase’ intermediated the nature of the inorganic substrate
and the organic polymer determines the final adhesion stability of the metal-polymer
joint [9].

Alkoxysilanes are often used as adhesion promoters or coupling agents, where silox-
ane interlayer links the metal surface and the coating [12]. To inhibit corrosion, the alkox-
ides of titanium or zirconium are often added to the siloxane interlayer that creates the
oxides-hydroxides of these metals in the interphase. The promising properties of hybrid
sol-gel-derived polymers for metals corrosion protection have attracted significant attention
over recent decades [13–17]. The sol-gel process in the liquid phase consists of the creation
of an oxide-hydroxide network by condensation of molecular alkoxide precursors M(OR)n,
where R is typically an alkyl group (CxH2x+1) and M represents a network-forming element,
such as Si, Ti, Zr, Al, Fe, B, etc., in an alcohol or other low-molecular-weight organic solvent.
Curing of these films, at elevated temperature, leads to significant improvement of corro-
sion protection [13]. Thus, the condensation of unreacted silanol or alkoxy groups in the
film results in the formation of a Si-O-Si- network with enhanced barrier properties [15–17].

A silane precursor is a binder that creates a siloxane network and performs chemical
bonds with a metal surface. For example, for aluminium surface, FTIR revealed two modes
of interaction, one between silane and Al3+ (Si–O–Al), and the other indicative of a siloxane
network (Si–O–Si). Thickness measurement showed that the layer is 100–200 nm thick.
Direct pull-off adhesion measurements of silane treated samples showed a significant
improvement in initial bond strength compared with degreased aluminium substrates [18].

The literature data show that the synthesis and the study of thin siloxane films is an
important issue for metals corrosion protection by sol-gel coatings and the development
of adhesion promoters. The objective of this work is to discuss the articles describing
the formation of thin siloxane films adsorbed on the iron surface from the vapour phase
published elsewhere [19–23]. QCM was the main method of investigation that weigh a
small part of the monolayer of the adsorbed species that gain new knowledge on layer
formation. XPS and Auger spectroscopies were applied to investigate the chemical com-
position and Scanning Kelvin Probe (SKP) to evaluate the electrochemical structure of
the metal/siloxane interfaces. The QCM method was used to determine the interaction
of the modified surfaces with vapour phase water molecules and determine the surface
hydrophobicity. The mass gain and the corrosion rate of iron was also monitored by
QCM in high humid argon or synthetic air atmospheres contaminated by sulphur dioxide.
Thus, it was possible to determine the impacts of the siloxane layer structure, presence
of adhesion bonds and oxygen adsorption on the corrosion stability of the iron/siloxane
joints. Experimental data used in this work were published a few decades ago in different
sources [19–23] and this paper summarizes and discusses these results.

2. Materials and Methods
2.1. Vapour Phase Deposition of Thin Siloxane Layers on the Iron Surface

Figure 1 shows the schematic of the glass pipe system that was used for vapour phase
silane deposition and the study of the modified iron surface [19–21]. Silane evaporates
in the glass pipe system in the flow of Ar (spectral purity, the flow 1800 cm3/min) and
adsorbs on the iron surface in the QCM cell. The mass gain on the Fe surface was studied
as a function of Ar humidity. Silane partial pressure in gas flow was kept constant in all
experiments. To humidify Ar, the part of the flow (200 cm3/min) was passed through the
humidifier. The gas humidity in the cell was controlled during all measurements.
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Figure 1. Schematic of the glass system and piezo quartz cell used for silane deposition, measure-
ments of water adsorption and iron corrosion [19]. Published with permission from SPRINGER
NATURE 1993.

To study the corrosion of iron covered by formed thin siloxane films, the compressed
Ar was replaced with compressed artificial air (spectral purity, the mixture of N2 80% –O2
20%, flow 1800 cm3/min) and the air was passed through a cell containing the source
of SO2 (permeation tube creates the concentration of 28.6 mg/m3) [19–21]. To humidify
the air (flow 200 cm3/min), it was passed through the humidifier (Figure 1). The QCM
cell was immersed in water of the thermostat that controlled the temperature at 22 ◦C.
These conditions were supported during all measurements. Adsorption of the silane, water
vapours and iron corrosion were studied on the iron surface using an apparatus (Figure 1).
The setup includes the cell with QCM, where the quartz with deposited iron electrode
detected the mass change due to iron interaction with the vapours. Thus, adsorption of the
components and the mass gain due to corrosion of the formed surfaces was determined.
The minimal time of the corrosion test was 10 ks.

The vapour deposition of methyltrimethoxysilane MeSi(OMe)3 (MTMS), butyltrimeth-
oxysilane BuSi(OMe)3 (BTMS) and γ-aminopropyltrimethoxysilane NH2-(CH2)3Si(OMe)3
(APTMS) was investigated [19–23].

2.2. Piezo-Quartz Microbalance

In the study, QCM with 10 MHz of AT-cut quartzes (20 mm diameter) were used.
Two sides of the quartz disk were degreased and gold layers of 30 nm thick were thermo-
sputtered in a vacuum chamber. In a second step, a near 1 µm thick iron layer was
thermo-sputtered on the gold layer of one side of the quartz.

The measured mass change ∆m is linearly proportional to change in the frequency of
the quartz as expressed Sauerbrey equation:

∆m = − C × (1/n) × ∆f (1)

where n is the quartz overtone number, C is a constant that depends on the property of the
crystal and the area of iron deposition [24]. Using measuring accuracy 0.01 Hz the balance
sensitivity was near 10−9 g. The application of QCM to the study of corrosion inhibition
was reviewed in [25].

Equation (1), typically referred to as the Sauerbrey equation, constitutes the basic
principle of QCM technology. This equation is only valid when the added mass is rigidly
adsorbed on the quartz surface without slip. The mass is evenly distributed over the
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sensitive area (central part) of the crystal. For evaluation of adsorption, the contact (landing)
area of the water molecule was assumed to be 10.5 Å2 and a fragment of siloxane in the
polymer was assumed to be 20 Å2 [19]. Calculation using Equation (1) showed that the
mass of the statistic monolayer of water decreased the QCM frequency for 6.7 Hz, of
methylsiloxane for 17.2 Hz and butylsiloxane for 25 Hz [19–21].

Thus, the calculation of the number of monolayers adsorbed by Fe surface was carried
out using the decrease of QCM frequency. Taking into account that the iron had a mirror
surface, the amount of adsorbed layers of molecules was determined using the geometrical
visible surface of the iron. Reversible (in presence of the adsorbed molecules in the gas)
and irreversible (in the pure gas atmosphere) mass gain was determined. After siloxane
deposition, the corrosion rate of iron was determined using mass gain measured by QCM
after desorption of water and sulphur dioxide in the dry airflow [19,20].

2.3. Scanning Kelvin Probe

SKP (UBM Mestechnik, Dusseldorf, Germany) measures the distribution of the elec-
tron work function (ewf ; Φwe, Equation (2)) or electrochemical potential above the metal
surface in the air [26]. It can be applied for bare, corroding, and polymer covered metal
surfaces [27–30]. In SKP microscopy the microprobe (tip NiCr alloy diameter 70 µm) is scan-
ning above the surface (e.g., distance 50 µm), measuring the distribution of ewf with high
spatial resolution. According to the definition, ewf is the work to move an electron from
the metal bulk to the point just outside the surface that does not contain non-compensated
electric charges. Thus, ewf influences mainly the potential drop across metal/metal oxide
(∆ϕ1) interface, the potential drop in the metal oxide ∆ϕ2) and the potential change in the
dipole layer ∆ϕ3) in the polymer close to the interface (Equation (2), Figure 2):

∆Φ we/ε = ∆ϕ1 + ∆ϕ2 + ∆ϕ3 (2)

Figure 2. Schematic of potential distribution in the metal-polymer joint.

The iron is covered by a semiconducting oxide/hydroxide film. The difference in elec-
tron energies of iron and the surface oxide creates a contact potential difference (Schottky
junction ∆ϕ1, Equation (2)) [31]. The oxide film adsorbs the species of air or functional
groups of the coating that creates two potential drops. The first one is located in the oxide
∆ϕ2) and the second (∆ϕ3) in a double electric layer in the polymer. Thus, SKP provides
the map of the potential drop across the metal surface, which is influenced by the nature
of oxide and the polymer species. It is possible to suppose that the Helmholtz equation
(Equation (3)) drawing for a parallel-plate capacitor, describes the formation of the layer of
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the ordered and oriented dipoles [32]. According to electrostatic, the potential drop in the
layer of the polymer is a function of the density of the charges (σ) and the capacitance (C)
of the parallel-plate capacitor.

∆ϕ3 = σ/X = 4π Nσ µ/ε (3)

It is proportional to the effective dipole moment (µ) which is directed normally to
the surface, Ns—the area occupied by the adsorbed molecule, ε is the permittivity of
the adsorbed molecules. The Kelvin Probe measurements in detail were carried out for
Langmuir-Blodgett (LB) films on the water surface [32,33].

Equation (3) describes the influence of adsorbed films on the electron work function of
the oxidized metal surfaces. The sign in the potential drop is determined by the orientation
of the dipoles at the interface. An increase in potential relatively non-modified substrate
shows the presence of positive charges at the metal oxide surface and negative charges
in adsorbate or the organic part of the polymeric coating. The positive charge on the
groups of the polymer and negative on the surface of the substrate decreased the measured
potential [11]. For example, SKP was applied to measure the charge separation in organic
monolayers mobilized on the gold surface. The estimation of the potential drop for a
monolayer of octadecanoic acid is about 700 mV [33]. Adsorption of amines on the metals
decreased the potential drop by 200–300 mV [11]. Normally SKP tip is calibrating above
reversible electrode (e.g., Cu/CuSO4) and the electrochemical potential difference due to
the formation of the layer of ordered ionic dipoles (Equation (3)) can be determined [11,33].
Thus, it is possible to compare the potential for differently treated surfaces. For application
to protective coatings, the SKP technique was described in the review in more detail [30].

3. Experimental Results
3.1. QCM Application for Monitoring of Siloxane Films Adsorption on the Iron Surface

Monitoring of the frequency of Fe electrodes in the QCM cell after letting the vapours
of butyltrimethoxysilane (BTMS) in the flow of Ar is shown in the figure. Before measure-
ments, the surface of iron was cleaned for 3–4 h in the flow of pure Ar until the frequency
stabilization was reached (Figure 3).

Figure 3. Monitoring of the frequency of iron QCM upon insertion of water and BTMS vapours. (a)—the humidity of Ar
flow is 71% RH and (b)—98% RH [19]. Published with permission from SPRINGER NATURE 1993.
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Initially, a vapour of pure BTMS was added to Ar flow (0% RH) that decrease the
frequency by 20 Hz (Figure 3a). Taking into account that the landing area of a molecule
of siloxane is 20 Å the coverage by irreversibly adsorbed siloxane is about one monolayer.
Co-adsorption of BTMS and water vapours significantly decreased the frequency due to
bigger mass gain (Figure 3). Passing the flow of pure Ar increased the frequency due to the
desorption of non-reacted species. The measurements were performed at the fixed con-
centration of BTMS and the humidity 71% and 98% RH. Increased gas humidity increased
variation of the frequency in water adsorption-desorption transients (df2, Figure 3a). After
a few adsorption-desorption transients the frequency in dry conditions stabilized at 220
and 280 Hz, correspondingly. The decrease of the frequency (df1, Figure 3a) relates to the
mass gain of irreversibly adsorbed molecules of BTMS.

Using Furie Transform Infrared Spectroscopy (FTIR) spectroscopy (Nickolet, Dussel-
dorf, Germany) and Auger spectroscopy (JEOL JAMP-9500F FE, MA, USA) was shown
the formation of thin siloxane films [19,20]. Figure 4a compares the QCM frequency de-
crease related to the mass gain of BTMS films, which were deposited in argon of different
humidities. It can be pointed out that increase of humidity from 0% to 100% RH increases
the thickness of irreversibly adsorbed butylsyloxane from 1 to 12 monolayers. However,
further siloxane growth vanished (Figure 4a). The water adsorption by the coating also
reached steady-state conditions. Thus, the catalytic effect of the oxidized iron surface and
the growth of the film was limited to 12 monolayers. It can be supposed that the substrate
assembles the silane and water molecules, accelerating the condensation and the formation
of the Fe–O–Si and Si–O–Si bonds.

Figure 4. (a)—Variations of the QCM frequency and mass gain due to irreversible adsorption of BTMS (1,2,3) as a function
of the humidity (1—100% RH; 2—71% RH and 3—53.3% RH). 1’, 2’ and 3’ are the changes of frequency and the mass
of reversibly adsorbed water. (b)—monitoring of the frequency and the thickness of MTMS film as a function of Ar
humidity [20]. Published with permission from NAUKA/INTERPERIODIKA 1994.

A similar experimental setup was applied to study the adsorption of methyltrimeth-
oxysilane (MTMS). The experiment in Figure 4b shows that at the same concentration of
MTMS vapour in the flow, the increasing of Ar humidity from 53.3% to 100% RH addition-
ally decreased QCM frequency related to deposition of about nine statistic monolayers of
the siloxane.

Figure 5 compares the variation of QCM frequency and the mass gain during ad-
sorption of MTMS and BTMS in argon of relative humidity 53.3% and 100% RH. Water
adsorption on the silane-modified surface increased from one to two statistic monolayers.
No water condensation was observed at 100% RH on the siloxane coated iron (Figure 5a).
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On the other hand, for the bare iron surface, at the humidity 100% RH, the frequency of
QCM continuously decreased due to vapour condensation and creating of thick water
film [20]. Figure 5b compares the thicknesses of MTMS and BTMS irreversibly adsorbed
films (in monolayers) as a function of Ar humidity. The thickness proportionally increased
with the rise of humidity and BTMS forms thicker films relatively MTMS [19]. However, in
all cases, the thickness of spontaneously adsorbed siloxane was limited by 5–12 monolayers.
Similar results were obtained in different works [19,20].

Figure 5. (a)—Variation of the frequency of iron QCM and calculated mass gain as a function of irreversible adsorp-
tion of MTMS (2, 4) and BTMS (1, 3). The Ar humidity was 53.3% RH (3, 4) and 100% RH (1, 2) [20]. (b)—the films
thicknesses (monolayers) vs. relative humidity of Ar used at the deposition [19,20]. Published with permission from
NAUKA/INTERPERIODIKA 1994.

3.2. Surface Analyses of Thin Siloxane Films by Auger and XPS Spectroscopies

After QCM experiments, some of the surfaces were investigated using Auger and XPS
spectroscopy (VERSAPROBE, Goteborg, Sweden) [20,21]. An increase of the BTMS film
thickness from 5 to 12 monolayers decreased the intensity of the lines from Fe substrate
(Figure 6a). XPS data (Si 2p) show that the silane is mainly adsorbing as thin siloxane film
(Figure 6b), because in AES, the collection depth of electrons is limited by 5 nm the method
permits analysis of the first 2–5 atomic layers [34]. Thus, these measurements show the
deposition of very thin siloxane layers during exposure of Fe in water-silane vapours.

In [19] FTIR was applied to study vapour phase BTMS adsorption on the iron surface
in the flow of Ar of different humidity. The spectra detected the weak absorbance at
1050 cm−1corresponding to υa band of Si–O–Si fragment in 10 monolayers of BTMS
film [19]. Thus, the siloxane close to the interface can be described by the schematic
displayed in Figure 6d. The Brönsted acid-base interactions (Equations (4) and (5)) at the
interface performs the layer of the oriented ionic dipoles related to iron siloxane bonds.
The application of SKP for the detection of the charge separation at the interface will be
discussed in the next chapter.

The data concerning Fe surface are in agreement with FTIR spectroscopy study of
the siloxane film grafted to Al surface from methanol [18]. The thickness of the films
was in the range 100–200 nm which is in the range 5–10 monolayers. However, γ-
glycidoxypropyltrimethylsilnane adsorbed from methanol creates the near monolayer
film [35]. Secondary ion mass-spectroscopy of the surface showed the existence of primary
Fe–O–Si bonds and the thickness of the siloxane layer near 1.7 nm. The self-limiting gas
phase adsorption of the organofunctional alkoxysilane molecules leads to large area thin
films close to monolayer coverage on the surfaces of silicon wafers [36]. In the nanoscale
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region, the ultra-thin siloxane films revealed smooth and uniform surfaces without any
agglomeration or nucleation effects [36]. It is in line with the results of the particular study.

Figure 6. Auger (a,b) and XPS spectra (c) of thin films after BTMS vapour deposition on the iron surface. (a)—5 monolayers,
(b,c)—12 monolayers. (d)—schematic drawing of the oxidised iron surface with adsorbed siloxane [21]. Published with
permission from NAUKA/INTERPERIODIKA 1994.

3.3. Application of SKP to Study of Metal-Siloxane Interface

The mechanism of the bonding of polymeric films to a metal surface is an important
issue. The nature and stability of the bonds to hydrolyse controls the coating delamination
and correspondingly the substrate corrosion [30]. The charge separation across the metal-
polymer interface can be determined by SKP. For instance, the interaction of different
epoxy resins with Zn surface was studied by SKP in [11,30]. It was shown that different
amino hardeners interact with Zn surface differently that controls the formation of the
metal-polymer interphases [11]. The chelate forming diamines were most effective to
improve the coating adhesion in water and the stability of epoxy resin to delamination.
The diamines strongly interact with a surface oxide film and significantly decreased the
potential of the interface. Similar results were pointed out in [37].

The adsorption of functional groups of the polymer on the surface of iron oxide can
take place using Lewis and Brönsted acid-base sites on FexOyOHz surface. The significant
charge separation and formation of interfacial dipoles can be a result of the Brönsted
acid-base interactions (Equations (4) and (5)).

OFe− OH + HN−RR¤ → OFeO− +H2N −RR (4)

OFe−OH + H-OSi(O)2R → OFe+ − OSi(O)2R + H2O (5)

Adsorption of the amines creates the dipoles with a positive charge on the amino
groups and the negative one on the iron oxide surface of the substrate (Equation (4),
Figure 7). Normally, the formation of this kind of dipoles decreases the ewf and the
potential measured by SKP for the different metals [38–41]. For example, the effect of the
vapour deposition of 1.6 hexanediamine on the left part of the iron surface is shown in



Coatings 2021, 11, 1217 9 of 16

Figure 7a [40]. At the left-hand side of the profile, the potential decreased for 300 mV
relatively bare iron surface (right-hand side) due to the formation of dipoles (Figure 7b).

Figure 7. (a)—Potential distribution across iron surface partially covered by 1.6 diaminohexane (left-hand side), (b)—the
schematic of charge distribution for Fe surface contacting with amino-containing polymer [11,41].

SKP was applied to describe the interaction of the silane coupling agent with the iron
surface [22]. Figure 8 shows potential distribution above the surface with locally deposited
BTMS and γ-aminopropyl trimethoxysilane (ATMS) [22,39]. Thick siloxane islands (4 µm
thick) were deposited using a droplet of water solutions of the silanes [22]. After drying
in ambient air, the potential distribution was measured (Figure 8). It was found that
butylsiloxane increased the potential of the Fe for 300–500 mV and the aminosiloxane
decreased the potential for 300–350 mV. The different signs of the potential drops across
siloxane–iron joints can show the different structures of the interface.
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It was supposed [22] that butylsiloxane created Fe–O–Si bonds performing the dipoles
with minus on oxygen of siloxane and positive charge on iron oxide (Figure 5, Equation (5)).
APTMS additionally to Fe–O–Si bonds (Figure 5) can interact with oxide using the amino-
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group (Figure 7b, Equation (4)). The potential decreased for 350 mV which shows the
significant surface coverage by amino groups. In more detail, the application of SKP for
the description of the metal-polymer bonds was discussed in [30].

The main goal was to use SKP to analyse thin siloxane layers adsorbed on the iron sur-
face from the vapour phase. The part of the surface was masked to protect the surface from
the adsorption that creates a reference surface. Fe sample was inserted into the container
with BTMS and water vapour sources [22]. Figure 9 shows SKP potential distribution
across the iron surface with pre-adsorbed BTMS (right-hand side). The adsorbed siloxane
increased the iron potential for 200–250 mV and 300–350 mV. The positive potential drop
shows the formation of iron-siloxane interfacial dipoles (Figure 6d).

Figure 9. The potential distribution above the iron surface with vapour phase adsorbed BTMS (right-hand side). (a)—
adsorption in the air at 20% RH and (b)—adsorption in the air at 100% RH. SKP measurements were performed in ambient
air at 60%RH and the potential is given vs. SHE [22]. Published with permission from Pleiades Publishing, Ltd.

APTMS coupling agent can be adsorbed by amino-group (Fe–O− +NH3R) or perform
oxane-type (Fe–O–Si) bonds to the metal surface [12,37]. Thus, the orientation of the
charges at the interface and the formation of polar bonds can be determined by SKP [11,22].
In contrast to BTMS, vapour deposited thin film of aminosiloxane decreases the poten-
tial for −20–−50 mV which can be a result of initial silane adsorption by amino-groups
(Figure 10a). However, exposure in Ar at 100% RH changes the negative sign to posi-
tive relative to bare iron surface and the value of the potential drop was near +150 mV
(Figure 10b). It can be supposed that initially, the coordination takes place using amino
groups and further takes place the reorientation of the molecules with the formation of
more stable iron-siloxane bonds. Adsorption of the APTMS in Ar at relative humidity
100%RH directly creates iron-siloxane bonds with a positive potential drop near +230 mV
(Figure 10c).

The effect of ion-exchange interactions and the presence of different ionogenic groups
in the grafted siloxanes on the corrosion stability of the metals was discussed in [17]. The
positive charge in amino siloxane increased the concentration of Cl− a nearby surface
that activates the pitting corrosion and the negative charge in the grafted siloxane inhibits
the corrosion. This property of siloxanes was important for corrosion protection of Al
using surface pre-treatments before epoxy coating application. Thus, ionogenic groups in
siloxane influenced the migration of Cl− ions and the development of filiform corrosion
underneath epoxy coating [42].
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Figure 10. SKP mapping of Fe surface with vapour deposited APTMS (right hand side). (a)—
adsorption in Ar at RH 20%, (b)—the same surface after exposure in Ar 100% RH, (c)—the surface
with adsorbed APTMS in Ar 100% RH. SKP measurements were performed in ambient air at 60%RH
and the potential is given vs. SHE [22]. Published with permission from Pleiades Publishing, Ltd.

3.4. Water Adsorption and Corrosion of Siloxane Modified Iron Surface

For atmospheric corrosion protection, hydrophobic polymeric coatings must be ap-
plied. Thus, hydrophobic-hydrophilic properties of the modified surfaces were determined
using QCM in Ar flow of different humidity (Figure 11a).

An increase in humidity increased the adsorption of water. At 100% RH, the bare
iron surface decreased the frequency by more than 3 kHz showing the water condensation.
Thin siloxane films create hydrophobic surfaces and water condensation did not observe.
Probably, thin films of MTMS and BTMS are structured (Figure 6d) and show the lowest
ability to water adsorption. Data in Figure 11b monitors the stability of the modified
surfaces during exposure to water vapour at 100% RH. With time, the reversible and
irreversible mass gain increased showing grow of water adsorption. MTMS film was
less affected than BTMS film. It can be related to the crystal-like structure of this film.
In general, all thin siloxane films (10–12 monolayers) were hydrophobic. These films
are spontaneously adsorbed on an iron surface and the thickness was determined by
Ar humidity. However, using long time exposure of thin films at 100% RH (Figure 11b)
and exposure in silane-water vapours the additional deposition of siloxane was carried
out [20]. Thick films (18–35 monolayers calculated for uniform deposition) adsorbed more
water relative to the bare iron surface and were less hydrophobic which can be related to
non-uniform adsorption of siloxane with disordered structure (Figure 11c).
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Figure 11. (a)—QCM detection of water adsorption on the iron surface with pre-adsorbed siloxanes as function of
Ar humidity (a). 1—bare Fe surface, 2—MTMS 5 monolayers, 3—MTMS 10 monolayers, 4—BTMS 6 monolayers, 5—
BTMS 12 monolayers. (b)—Monitoring of the frequency change and water layers gain during long time exposure of the
modified surfaces in Ar flow at 100% RH. 1, 1’—BTMS and 2, 2’—MTMS. 1, 2—measurements in Ar 0% RH and 1’, 2’
measurements in Ar at 100% RH. (c)—water adsorption vs. Ar humidity on thick siloxane films. 1—MTMS 35 monolayers,
2–BTMS 28 monolayers, 3—BTMS 18 monolayers, 4—bare iron surface. (d)—frequency decrease and calculated gain of
water adsorption on thin films 2, 3 (Figure 11a) after addition SO2 in Ar atmosphere. Published with permission from
NAUKA/INTERPERIODIKA 1994.

QCM technique was employed to determine the corrosion rate of iron. Ar was replaced
with artificial air of different humidity and SO2 gas was introduced into the airflow. The
decrease of the frequency was interpreted as mass gain due to water adsorption and iron
corrosion (Equation (1)). FTIR and QCM detected that the time delay of iron corrosion in
the air at 98% RH is 9600 s with grafted 10 monolayers BTMS film and for the bare iron
surface is 180 s [19]. To determine corrosion rate contaminated air was replaced by pure
air and mass gain was determined after frequency stabilization [21]. The minimal time of
exposure was 10 ks in SO2 contaminated air (Figure 12).
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Figure 12. (a)—QCM measurements of iron corrosion rate in the air of different humidity with grafted thin siloxane films;
1—bare iron, 2–6, 9, 10 thin BTMS films of 6–12 monolayers; 7, 8, 13—one monolayer MTMS films; 11, 12—MTMS films
3 and 6 monolayers, 14—BTMS 18 monolayers. (b)—Fe corrosion rate vs. water adsorption in the air at 85.3% RH [21].
Published with permission from NAUKA/INTERPERIODIKA 1994.

Figure 12a (curves 11, 12) show strong corrosion inhibition by thin MTMS films. These
films are hydrophobic and can inhibit corrosion at 100%RH (Figure 12a). Increase the
thickness and disordering of the film can increase the water adsorption (Figure 11c) and
accelerate corrosion (Figure 12a, curve 14). The direct dependence of corrosion rate for
different films from the amount of adsorbed water was found in the air at 85.3% RH
(Figure 12b). Thus, the structure and hydrophobicity of siloxane are extremely important
for corrosion protection by thin films. Monolayer films (Figure 12a, curves 7, 8, 13) show
inhibition in relatively mild conditions at 85.3% RH but they fail for protection at 100%
RH air.

Figure 13 shows Scanning Electron Microscopy (VERSAPROBE, Goteborg, Sweden)
images of the salinized iron surface with different BTMS layer thickness after corrosion test
10 ks in the air at 100% RH. Thin spontaneously formed crystal-like BTMS shows filiform
corrosion. The dimensions of the corrosion events are in the range of the dimensions of the
grains. It can be supposed that corrosion of iron starts at the grains boundaries where the
BTMS film is less ordered and can be less protective. In opposite, the image of the surface
of siloxane with 18 monolayer film (it was calculated for uniform deposition of siloxane) on
the QCM electrode shows island-like corrosion morphology (Figure 13b). This film shows
low inhibition of corrosion (Figure 12a, curve 14) that has a localized character. It can be
supposed that the film has hydrophilic islands adsorbing water and accelerated corrosion
of iron.

The results show that thin siloxane films are sufficiently hydrophobic and are effective
for protection in an aggressive atmosphere. However, in wet argon atmosphere that
contained the same amount of SO2 the films are non-protective (Figure 11d). At 97%–100%
RH the films quickly lose the hydrophobicity and adsorb 300–700 monolayers of water. The
corrosion spots were observed after 10 ks of exposure [21]. It is completely different from
stability in the air atmosphere (Figure 12a) [20]. Thus, the oxygen in the air inhibits the
adsorption of water and iron corrosion for particular systems. The passiveating impact of
oxygen is well known to preserve the stability of the iron oxide film, the film composition
and the structure. The siloxane films are anchored to the oxide film. In Ar atmosphere,
the oxide film is reducing that breaks the Fe–O–Si bonds that permit the water adsorption
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and vanished the corrosion inhibition. This experiment shows the important passivating
influence of oxygen for the stabilization of the metal-polymer interface.

Figure 13. Scanning Electron Microscopy images of the iron surface after atmospheric corrosion test
during 10 ks at 100% RH with 10 monolayers (a) and 18 monolayers (b) of BTMS [21]. Published
with permission from NAUKA/INTERPERIODIKA 1994.

4. Conclusions

Thin butyl- and methyl-siloxane films were deposited on the iron surface from the
mixed silane-water vapours in Ar flow. The piezo quartz microbalance was applied to
determine the adsorption kinetics and the siloxane growth. It was pointed out that thin
crystal-like films were adsorbed spontaneously depending on the pressure of water vapour
in the mixture. An increase in humidity increased the thickness of the siloxane layer. The
iron substrate catalysed the formation of Fe–O–Si and Si–O–Si bonds. This influence of the
substrate is limited by the spontaneous adsorption of 6–12 monolayers of siloxane. Thin
films show hydrophobic properties inhibiting water adsorption.
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Auger and X-ray Photoelectron spectroscopes were applied to investigate the surfaces.
The formation of thin siloxane films was evidenced. Scanning Kelvin Probe was applied
to study the iron-siloxane interface. Fe–O–Si bonds increased the potential of iron for
300–340 mV due to the creation of the oriented layer of ionic dipoles at the interface. These
bonds, in addition to iron oxide, passivate the iron surface.

Thin iron/siloxane joints were exposed in aggressive atmospheres containing high hu-
mid air and sulphur dioxide. Thin spontaneously adsorbed siloxane films show corrosion
protection of the substrate due to the presence of Fe–O–Si bonds and high hydrophobicity.
The corrosion stability is controlled by water adsorption that is influenced by the structure
and thickness of the siloxane. The siloxane/iron surfaces are not stable after replacing
air with an inert Ar. The oxygen of air passivates the surface oxide that preserves the
iron-siloxane interfacial bonds and hydrophobicity of the substrate. Thus, oxygen shows
inhibiting corrosion properties.
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